It has previously been shown that the excess of events reported by the CoGeNT collaboration could be generated by elastically scattering dark matter particles with a mass of approximately 5-15 GeV. This mass range is very similar to that required to generate the annual modulation observed by DAMA/LIBRA and the gamma rays from the region surrounding the Galactic Center identified within the data of the Fermi Gamma Ray Space Telescope. To confidently conclude that CoGeNT's excess is the result of dark matter, however, further data will likely be needed. In this paper, we make projections for the first full year of CoGeNT data, and for its planned upgrade. Not only will this body of data more accurately constrain the spectrum of nuclear recoil events, and corresponding dark matter parameter space, but will also make it possible to identify seasonal variations in the rate. In particular, if the CoGeNT excess is the product of dark matter, then one year of CoGeNT data will likely reveal an annual modulation with a significance of 2-3σ. The planned CoGeNT upgrade will not only detect such an annual modulation with high significance, but will be capable of measuring the energy spectrum of the modulation amplitude. These measurements will be essential to irrefutably confirming a dark matter origin of these events.
I. INTRODUCTION
In early 2010, the CoGeNT collaboration reported that they had observed on the order of 100 events above expected backgrounds with ionization energies in the range of approximately 0.4 to 1.0 keV [1] . While the origin of these events is not yet certain, it has been shown that they could be accounted for with dark matter with a mass in the range of 5-15 GeV and an elastic scattering cross section with nuclei of ∼10 −4 pb (∼10 −40 cm 2 ) [2, 3] .
The CoGeNT excess is particularly intriguing when compared to other signals potentially resulting from dark matter. For nearly a decade, the DAMA collaboration (and more recently, the DAMA/LIBRA collaboration) has reported an annual modulation of their event rate, and has interpreted this behavior as evidence for particle dark matter. According to the most recent DAMA/LIBRA results, which make use of over 1.17 tonyears of data, they observe a modulation with a significance of 8.9σ, and with a phase consistent with that predicted for elastically scattering dark matter [4] . The simplest interpretation of this signal which does not conflict with the null results of other dark matter searches [5, 6] introduces light dark matter particles ( < ∼ 10 GeV) with an elastic scattering cross section with nuclei on the order of ∼10 −4 pb [7] . After all constraints [5, 6, 8, 9] and uncertainties [10, 11] are taken into account, a region of dark matter parameter space exists in which both the CoGeNT and DAMA/LIBRA signals can be accommodated [12] .
More recently, an anomalous component of gamma rays from the inner 0.5
• around the Galactic Center was identified in the first two years of data from the Fermi Gamma Ray Space Telescope (FGST) [13] . The spectrum of this signal peaks at 2-4 GeV (in E 2 units) and is highly concentrated around the Galactic Center (but is not point-like). Although no known astrophysical sources or mechanism can account for this emission, annihilating dark matter can provide a good fit to the observed spectrum and morphology of the signal. If interpreted as dark matter annihilation products, the observed gamma rays imply a dark matter mass in the range of 7.3 to 9.2 GeV, very similar to that required to accommodate both CoGeNT and DAMA/LIBRA.
Although the evidence collectively provided by CoGeNT, DAMA/LIBRA, and FGST has become fairly compelling, more information will be needed before a confident and conclusive claim of discovery can be made. The annual modulation reported by DAMA/LIBRA, however, is based on data taken over 13 years, and little new information is expected from DAMA/LIBRA in the foreseeable future. Similarly, the gamma ray signal from the Galactic Center was extracted from two full years of FGST data (August 2008-August 2010). In contrast, the excess reported by CoGeNT was observed over a period of only 56 days in late 2009. With the currently existing data that has been collected over the past year, the CoGeNT collaboration will be able to dramatically improve upon their measurement on the nuclear recoil spectrum. Furthermore, if elastically scattering dark matter is responsible for their observed excess, CoGeNT will likely be sensitive to the predicted annual modulation. Looking further into the future, a planned expansion of CoGeNT (four 0.9 kg detectors, with an estimated combined fiducial mass of ∼2.5 kg) will not only be capable of detecting the presence of a modulation, but will be sensitive to the energy spectrum of the modulation, providing an irrefutable confirmation that their excess originates from dark matter.
The remainder of this paper is structured as follows.
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In Sec. II, we calculate the spectrum of events from elastically scattering dark matter in the CoGeNT detector and describe the current status of the CoGeNT excess. In Sec. III, we will project the ability of CoGeNT to constrain the mass and cross section of the dark matter using their first full year of data, and with the planned CoGeNT upgrade, focusing on the ability of CoGeNT to detect the annual modulation of the dark matter signal. We argue that this will provide an essential confirmation of the dark matter origin of the observed excess. In Sec. IV, we discuss the role that other direct detection experiments will likely play in studying dark matter in the region implied by CoGeNT and DAMA/LIBRA. In Sec. V we summarize our results and conclusions.
II. COGENT AND ELASTICALLY SCATTERING DARK MATTER
CoGeNT, located in the Soudan Underground Laboratory in Northern Minnesota, consists of a 475 gram target mass of Germanium (a fiducial mass of 330 grams). Although this is considerably smaller mass than is employed by CDMS, XENON, and other direct detection experiments, CoGeNT's very low backgrounds at low recoil energies make it exceptionally sensitive to low mass WIMPs.
The spectrum (in nuclear recoil energy) of dark matter induced elastic scattering events is given by [14] 
where N T is the number of target nuclei, m DM is the mass of the dark matter particle, ρ DM is the local dark matter density, v is the dark matter velocity in the frame of the Earth, v e is the velocity of the Earth with respect to the galactic halo, and f ( v, v e ) is the distribution function of dark matter particle velocities, which we take to be the standard Maxwell-Boltzmann distribution:
The Earth's speed relative to the galactic halo is given by v e = v + v orb cos γ cos[ω(t − t 0 )] where v = v 0 + 12 km/s, v orb = 30km/s, cos γ = 0.51, t 0 = June 2nd, and ω = 2π/year. We will consider values of v 0 over a range of 180 to 320 km/s and values of the galactic escape velocity between 460 and 640 km/s [15] . Note that the minimum dark matter velocity required to impart a recoil of energy, E R , is given by v min = E R m N /2µ 2 , where m N is the mass of the target nucleus and µ is the reduced mass of the dark matter particle and the target nucleus. Throughout this study, we will take the local dark matter density to be ρ DM = 0.3 GeV/cm 3 . As the germanium isotopes which make up the CoGeNT detector contain little net spin, we are forced to consider spin-independent interactions to generate the observed events. In this case, we have
where µ n is the reduced mass of the dark matter particle and nucleon (proton or neutron), σ n is the scattering cross section of the dark matter particle with neutrons, Z and A are the atomic and mass numbers of the nucleus, and f n,p are the coupling strengths of the dark matter particle to neutrons and protons respectively. The nuclear form factor, F (q), accounts for the finite momentum transfer in scattering events. In our calculations, we adopt the Helm form factor:
where j 1 is the second spherical Bessel function and R 1 is given by
Here, c ≈ 1.23A 1/3 − 0.60 fm, a ≈ 0.523 fm, and s ≈ 0.9 fm have been determined by fits to nuclear physics data [16, 17] .
To convert from nuclear recoil energy to the measured ionization energy, we have to scale the results by the appropriate quenching factor. Over the energy range of the CoGeNT signal (approximately 0.4 to 2 keVee, where keVee denotes keV electron equivalent), the quenching factors for germanium have been well measured [18, 19] and are described by Q Ge (E Recoil = 3 keV) = 0.218, and with the energy dependence predicted by the Lindhard theory (see Ref. [12] ).
In Fig. 1 , we show the current results from CoGeNT, compared to the spectrum predicted for an 8 GeV dark matter particle with an elastically scattering cross section with nucleons of 10 −4 pb and a velocity distribution described by v 0 = 250 km/s and v esc = 550 km/s. For the background spectrum, we consider a simple flat distribution of events, and Gaussian peaks at 1.1 and 1.29 keV with widths given by the resolution of the detector, which arise from well understood physics (see Ref. [1] ). We multiply the overall spectrum by the efficiency factors as described in Ref. [1] .
Even with the relatively little exposure that went into this measurement (56 days, and 330 grams of target mass after cuts) CoGeNT has observed approximately ∼100 events between 0.4 and 1.0 keVee which cannot be accounted for by known backgrounds. In Fig. 2 , we show the range of dark matter masses and cross sections that provide a good fit to the current CoGeNT excess, for various choices of the velocity distribution parameters. The three overlapping regions represent the range of mass and cross section that can fit the current data for values of v 0 = 320, 250 and 180 km/s, respectively (in each region, the escape velocity is marginalized over the range of 460 to 640 km/s).
FIG. 1:
The current spectrum of events reported by CoGeNT compared to the spectrum predicted for an elastically scattering dark matter particle. The dashed line denotes the spectrum of dark matter events alone, while the solid line is the dark matter spectrum plus backgrounds.
FIG. 2:
The range of dark matter parameter space that provides a good fit to the current CoGeNT data. The three overlapping regions correspond to v0 = 320, 250 and 180 km/s, from left-to-right. Each region has been marginalized over escape velocities between 460 and 640 km/s. The solid and dashed lines denote the 90% and 99% confidence level contours.
III. FUTURE PROJECTIONS FOR COGENT
If the excess events reported by CoGeNT is the result of elastically scattering dark matter particles, then we should expect a degree of seasonal variation in the event rate. Due to the Earth's motion around the Sun, the rate of dark matter recoil events is predicted to vary throughout the year, peaking at or around June 2nd [20] .
In Fig. 3 , we show the predicted degree of modulation for dark matter within the parameter space region capable of generating the observed CoGeNT excess. The percentage modulation that is plotted is defined as (R summer − R winter )/(2R ave ), where R summer and R winter denote the maxima and minima of the rate. The top frame of Fig. 3 shows the modulation over the range of 0.4 to 1.0 keVee, while the bottom frame considers a more narrow (and more conservative) range of 0.5 to 0.9 keVee. In each frame, the horizontal dotted lines denote the projected confidence levels at which CoGeNT will be able to identify a modulation after one year.
The additional data collected by CoGeNT over its first year will also considerably improve its ability to measure the spectrum of events, and place corresponding constraints on the underlying dark matter parameter space.
In Fig. 4 , we show the spectrum projected to be measured by CoGeNT after one year (top) and the corresponding regions of dark matter parameter space that provide a good fit to this spectrum (bottom). In calculating these regions, we considered only the spectrum between 0.4 and 1.0 keVee. In Fig. 5 , we show similar results, but projected for the planned upgrade of CoGeNT, with a fiducial mass of 2.5 kg. In addition to improving upon the spectral constraints, such an upgrade will also make it possible to measure the energy spectrum of the modulation amplitude. We illustrate this in Fig. 6 . The solid curves shown in Fig. 6 km/s, v esc = 550 km/s) including backgrounds, whereas the upper (lower) dotted curve represents the prediction for parameters in the left (right) island-region in the bottom frame of Fig. 5 . Note that this projection is somewhat conservative, as the 1.1 and 1.29 keV backgrounds are due to cosmogenic activation and will become steadily depleted with time.
IV. THE ROLE OF OTHER EXPERIMENTS
In this section, we will briefly discuss the ability of other direct detection experiments to study dark matter particles with the characteristics needed to generate the signals reported by CoGeNT and DAMA/LIBRA. Starting with DAMA/LIBRA, we note that although its comparatively enormous target mass (250 kg) has enabled it to make a very high significance measurement of the annual modulation amplitude, sizable uncertainties in the low energy behavior of its quenching factor limit the precision with which its data can be used to constrain the underlying dark matter parameter space. We also emphasize that, unlike CoGeNT, DAMA/LIBRA is capably only of measuring the amplitude of the modulation of their signal, and not the amplitude of the signal itself. The detection of a modulated rate by CoGeNT will provide the first combined measurement of modulation and signal amplitudes (the ratio of which is the percentage modulation shown in our figures), and will thus provide an important way of discriminating dark matter events from backgrounds. For an unknown background to modulate with a fractional amplitude that is similar to that predicted for dark matter would require an unfortunate and unlikely conspiracy of nature.
There are a number of other existing direct detection experiments that may be sensitive to 5-10 GeV dark matter particles. Very recently, the CDMS collaboration has used low-threshold data from their shallow Stanford site to place constraints on light dark matter particles [8] . At such low energies, however, the backgrounds observed by CDMS are not well understood, somewhat limiting their ability to probe the region implied by CoGeNT and DAMA/LIBRA. Dark matter experiments which use liquid Xenon as their target suffer from sizable uncertainties in the scintillation efficiency (L eff ) and recoil energy scale (Q i ) at low recoil energies [10] , making it difficult to interpret their results within the context of light dark matter.
Experiments with relatively light elements in their detectors, such as CRESST (CaWO 4 ) and COUPP (CF 3 I) are potentially well suited for studying light dark matter. Over the past several months, the CRESST collaboration has described in talks an excess of events in their oxygen band [21] which could potentially arise from the elastic scattering of a dark matter particle in the CoGeNT/DAMA region [12] . We eagerly await further details pertaining to this observation. The COUPP collaboration has very recently begun operation of their 4 kg chamber at SNOLAB. A dark matter particle near the center of the region preferred by CoGeNT and DAMA/LIBRA is predicted to generate ∼1 event at COUPP per day (running with a recoil energy threshold of ∼7 keV). If their backgrounds are as low as anticipated, they could rapidly accumulate a significant excess of events.
V. SUMMARY AND OUTLOOK
The excess of low energy events reported by the CoGeNT collaboration (as well as the annual modulation reported by DAMA/LIBRA and the gamma ray emission observed from the Galactic Center) have generated a great deal of interest in 5-10 GeV dark matter particles. In this paper, we have studied the ability of current and future CoGeNT data to further elucidate this situation. Results from the first year of CoGeNT data are anticipated to be presented shortly. This data will not only enable the recoil energy spectrum of dark matter events to be measured with much greater precision, but will also likely be able to identify (or rule out) the presence of an annual modulation with a significance of 1-3σ. If observed, this would represent a major confirmation that CoGeNT's excess arises from dark matter. In the less immediate future, the planned upgrade for CoGeNT (with a fiducial mass of approximately 2.5 kg) will further improve upon these measurements, and will provide a measurement of the energy spectrum of the modulation amplitude.
As we were completing this study, the CDMS collaboration released a low threshold analysis of their Soudan data [22] , which appears to conflict with the dark matter interpretation of the CoGeNT excess. Their data set, however, contains a large number of events classified as "zero-charge" background which overlap with the region of nuclear recoil candidates. A modest uncertainty or systematic error in the energy scale calibration at energies near their threshold could plausibly shift this exclusion contour above the region being considered here [23] .
